INTRODUCTION
============

The Type II restriction endonucleases (REases) recognize short DNA sequences and cut phosphodiester bond at fixed position within or close to their recognition sites ([@B1]) \[variable cuts, however, have been reported recently ([@B2])\]. Four families of REases have been described to date based on the presence of conserved amino acids residues: PD-(E/D)XK, PLD, HNH and GIY-YIG ([@B3; @B4; @B5]). PabI restriction enzyme that shows a novel nuclease fold according to the recently published crystal structure ([@B6]) may become a founding member of yet another nuclease family.

Among the REase families, the enzymes of PD-(E/D)XK clan are best characterized both structurally and with respect to the mechanism of DNA cleavage. Enzymes belonging to the latter family are Mg^2+^-dependent endonucleases that use acidic residues from the conserved PD-(E/D)XK motif to coordinate Mg^2+^-ions, which are necessary cofactor for catalysis to occur. Many PD-(E/D)XK family enzymes, like EcoRI or EcoRV, are homodimers that interact with palindromic DNA sequences and contain two distinct sites each responsible for catalyzing cleavage in one DNA strand ([@B1]). A number of PD-(E/D)XK family REases (e.g. SfiI, Cfr10I, NgoMIV and Bse634I) are arranged as tetramers that simultaneously bind two recognition sites and cleave concertedly four DNA strands ([@B7; @B8; @B9; @B10; @B11]). MspI, HinP1I, BcnI and MvaI restriction enzymes, however, act as monomers and use a single active site to cleave both DNA strands ([@B12; @B13; @B14; @B15]).

In contrast to the Mg^2+^-dependent endonucleases of PD-(E/D)XK family, the BfiI and BmrI restriction enzymes ([@B3],[@B16]) do not require metal ions for catalysis and belong to the phospholipase D (PLD) superfamily that includes diverse enzymes that act on the phosphodiester bonds in various contexts ([@B17]). BfiI is arranged as a dimer and requires two recognition sites for DNA cleavage ([@B18],[@B19]), however it uses a single active site to cut sequentially both DNA strands and employs a covalent DNA intermediate in catalysis ([@B20],[@B21]).

Comparative amino acid analysis and mutational data show that KpnI, MnlI and Eco31I REases ([@B22; @B23; @B24]) are members of the HNH nuclease family that is a part of a wider group of enzymes called ββα-Me endonucleases, which also includes the His-Cys box enzymes ([@B25]). The HNH module is found in diverse proteins, including bacterial colicins E7 and E9 and homing endonucleases ([@B26],[@B27]). Catalytic activity of MnlI REase is supported by a wide range of divalent metal ions, including Mg^2+^, Mn^2+^, Ca^2+^, Co^2+^, Zn^2+^ and Ni^2+^ ([@B28]). Interestingly, in the presence of Mg^2+^ ions, the KpnI REase displays promiscuous DNA cleavage activity that is suppressed by Ca^2+^ that abolishes DNA cleavage by the PD-(E/D)XK REases ([@B29]).

Protein sequence analysis predicted that Eco29kI, MraI and NgoMIII REases specific for the 5′-CCGC/GG-3′ sequence are members of the GIY-YIG nuclease family ([@B4]). Proteins belonging to this family share a well-defined ∼100 aa nucleolytic domain that harbours in the N-terminal part conserved triplets 'GIY' and 'YIG' ([@B30]). GIY-YIG nuclease domain is typically embedded within large modular proteins of diverse functions including homing endonucleases, transposases, DNA repair enzymes and proteins involved in maintenance of genome stability ([@B31]). Three-dimensional structures of GIY-YIG nuclease domain of homing endonuclease I-TevI and the catalytic domain of UvrC protein ([@B32],[@B33]) revealed a single active site consisting of conserved arginine, tyrosine and glutamic acid residues. Based on crystallographic data, a reaction mechanism for the GIY-YIG nucleases has been proposed ([@B33]); however, it yet needs to be confirmed by kinetic and biochemical studies that are hindered by complex multi-domain organization of GIY-YIG family proteins and elaborate requirements for catalysis.

Due to the simple structural organization, REases of GIY-YIG family are a suitable model system to study the mechanistic and structural features of GIY-YIG nuclease domain. Indeed, Eco29kI REase that belongs to the GIY-YIG family ([@B5]) is a monomer in solution ([@B34]). Modelling studies suggest that in contrast to other GIY-YIG proteins that show modular architecture, Eco29kI is a single domain protein ([@B4],[@B5]). The stoichiometry of DNA binding and mechanism of double-stranded DNA cleavage by Eco29kI yet has to be determined.

Restriction endonuclease Cfr42I (<http://rebase.neb.com/rebase/rebase.html>) like Eco29kI recognizes the palindromic sequence 5′-CCGC/GG-3′ and shares 32% overall sequence identity with Eco29kI ([Figure 1](#F1){ref-type="fig"}). Moreover, all amino acid residues from the predicted active site of Eco29kI ([@B5]) are conserved in Cfr42I indicating that it also belongs to the GIY-YIG superfamily. We show here that Cfr42I restriction enzyme is functional as a tetramer and requires binding of two DNA copies for its optimal activity. We also demonstrate that Cfr42I is functional in the presence of a wide range of metal-ion cofactors providing novel insight into the mechanism of the GIY-YIG family enzymes. Figure 1.Alignment of Cfr42I and Eco29kI sequences. Identical amino acid residues (32%) are in black boxes, similar residues (32%) are shaded grey. Asterisks (\*) mark amino acid residues Y49, R104, H108, E142 and N154 of Eco29kI that are critical for its catalytic activity and presumably form the active site of Eco29kI ([@B5]).

MATERIALS AND METHODS
=====================

Cloning, expression and purification of Cfr42I
----------------------------------------------

Plasmid vector carrying the 8.4 kb chromosome fragment of *Citrobacter freundii* RFL42 strain carrying genes of the Cfr42I R-M system was kindly provided by Fermentas UAB (Vilnius, Lithuania). R.Cfr42I (REase) and M.Cfr42I (MTase) genes were cloned into the pET21b(+) and pACYC184 vectors, respectively. The Cfr42I protein was expressed in the BL21 (DE3) *Escherichia coli* strain that carries an additional laqI^r^ gene in the pVH1 plasmid ([@B35]) and was purified by subsequent chromatography on Heparin Sepharose, Q-Sepharose (GE Healthcare) and phosphocellulose P11 (Whatman) columns using linear NaCl gradients for protein elution. Fractions containing Cfr42I REase activity were pooled, dialyzed against storage buffer \[10 mM Tris-HCl (pH 7.4 at 25°C), 0.2 M KCl, 1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol\] and stored at −20°C. The protein was \>90% pure as judged by SDS-PAGE.

Concentrations of Cfr42I were determined by absorbance at 280 nm using an extinction coefficient of 132 960 M^−1^ cm^−1^ for the tetramer. Enzyme concentrations are expressed in terms of tetramer if not stated otherwise.

Analytical ultracentrifugation
------------------------------

Equilibrium sedimentation experiments were done with an AN50Ti rotor in a Beckman--Coulter model XL-A analytical ultracentrifuge equipped with UV absorption detection. Six-channel centrepieces were used at 11 000 and 18 000 rpm, 20°C. Samples were spun until no change in absorbance profiles could be observed for at least 12 h at which time equilibrium was assumed to have been reached. Molar masses were evaluated from an average of the concentration gradients observed in these last 12 h as described ([@B10]).

Oligonucleotide substrates
--------------------------

All double-stranded oligonucleotide substrates used in this study are given in [Table 1](#T1){ref-type="table"}. The Cfr42I recognition sequences are underlined. 'P' denotes the 5′-terminal phosphate, and 'bio-' is the 5′-terminal biotin modification. All oligonucleotides were purchased from Metabion (Martinsried, Germany). Table 1.Oligonucleotide substratesDuplexSequenceSpecification30/305′-AGACCCACGCCACCGCGGTGGAGATTACGG-3′30 bp cognate substrate for Cfr42I (recognition sequence underlined)3′-TCTGGGTGCGGT[GGCGCC]{.ul}ACCTCTAATGCC-5′16/165′-CGCCACCGCGGTGGCG-3′16 bp cognate substrate for Cfr42I3′-GCGGT[GGCGCC]{.ul}ACCGC-5′30-30 Bio-30-305′-AGACCCACGCCACCGCGGTGGAGATTACGG\\ 3′-TCTGGGTGCGGT[GGCGCC]{.ul}ACCTCTAATGCC/30 bp cognate hairpin substrate. Bio-30-30 has the same sequence, as shown, but with a biotin tag at the 5′ end30/(14p_16)5′-AGACCCACGCCACC-GCGGTGGAGATTACGG-3′ 3′--TCTGGGTGCGGT[GG]{.ul}~p~ [CGCC]{.ul}ACCTCTAATGCC-5′Duplex made from 3 oligos to give a nicked DNA akin to the Cfr42I product on one strand of 30/30; the nucleotide adjacent to the nick is 5′-phosphorylated, to mimic the terminus left by Cfr42I16/14p5′-AGACCCACGCCACC-GC ~p~GGTGGAGATTACGG-3′ 3′--TCTGGGTGCGGT[GG]{.ul}~p~ [CG-CC]{.ul}ACCTCTAATGCC-5′Mixture of two 3′-tailed duplexes akin to the final Cfr42I product on the 30/30 substrate. 5′-termini of both duplexes are phosphorylated to mimic the Cfr42I products.NS5′-CAGCACAGTTCAGCAGCCCAGTGCTACGCT-3′ 3′-GTCGTGTCAAGTCGTCGGGTCACGATGCGA-5′30 bp non-cognate duplex used in gel-shift and immobilized DNA cleavage experimentsBio-NS5′-AGACCCACGCTCACCGGTGAGAGATTACGT\\ 3′-TCTGGGTGCGAGTGGCCACTCTCTAATGAT/30 bp non-cognate hairpin substrate with a biotin tag at the 5′ end, used in DNA pull-down experiments

Some duplexes were made by annealing two oligodeoxyribonucleotides with complementary sequences (30/30, 16/16, NS). Hairpin duplexes (30-30, bio-30-30 and Bio-NS) were made by annealing of the self-complementary oligonucleotides. Oligoduplex substrate containing a nick \[30/(14p_16)\], was made of three oligonucleotides: one 30 nt, one 16 nt and one 14 nt, while product DNA was made of four nucleotides: two 16 nt and two 14 nt. The 14 nt strand of the nicked and product duplexes was 5′-phosphorylated with ATP and T4 polynucleotide kinase to mimic the termini left by Cfr42I.

Radioactive labels were introduced either at the 5′ or at the 3′-ends of individual DNA strands prior to the annealing with unlabelled strands as described in ([@B20]).

Reactions with oligonucleotide substrates and different metal-ion cofactors
---------------------------------------------------------------------------

Reactions were typically carried out by preincubation of 50 nM of Cfr42I with 20 nM labelled oligoduplex in the Reaction Buffer (50 mM Tris-HCl pH 7.75 at 25°C, 100 mM NaCl, 0.1 mg/ml BSA and 0.01--0.1 mM EDTA) at 25°C. Reactions were initiated by addition of divalent metal ions (MgCl~2~, MnCl~2~, CoCl~2~, CaCl~2~, ZnCl~2~, NiCl~2~ and CuSO~4~) to a final concentration of 0.1, 1.0 or 10 mM. To equalize the ionic strength in all experiments, cleavage reactions with 0.1--1.0 mM cofactor concentrations were supplemented with extra 26--30 mM of NaCl.

Rapid DNA hydrolysis reactions with Mg^2+^, Mn^2+^ and Co^2+^ were studied in a quench-flow device (KinTek Corporation, Austin, TX), which was used to mix equal volumes of metal-ion and enzyme-DNA solutions (16 μl each). After the requisite time delay, the reactions were quenched with 2.0 M HCl. Immediately after quenching samples were neutralized by adding 3.5 M Tris and 3% SDS, mixed with loading dye solution (95% v/v formamide, 0.01% bromphenol blue, 25 mM EDTA, pH 8.0) and subjected to denaturing gel electrophoresis followed by phosphorimager detection as described in ([@B20]). Slower reactions with Zn^2+^, Ni^2+^, Ca^2+^ and Cu^2+^ where performed by manual mixing of metal cofactor and enzyme-DNA solutions. Samples were collected at timed intervals, quenched by mixing with loading dye solution and analysed as mentioned above.

Analysis of oligonucleotide hairpin cleavage
--------------------------------------------

Cfr42I reaction on the 5′-radiolabelled 30 bp oligonucleotide hairpin 30-30 ([Table 1](#T1){ref-type="table"}) yields two shorter-labelled products of 44 and 16 nt ([Figure 7](#F7){ref-type="fig"}A) that can be resolved by denaturing PAGE. Quantification of intact substrate and shorter products allows to evaluate amounts of intact substrate SS, nicked reaction intermediate SP and the final reaction product with a double-strand break PP as described in ([@B11]). The hairpin DNA cleavage data were described by the consecutive reaction scheme ([@B1]) as described in ([@B36]).

Reactions with immobilized oligonucleotide substrates
-----------------------------------------------------

Streptavidin-coated magnetic beads (Promega, Madison, WI, US, binding capacity 1 nM/mg) were added to 80 μl bio-30-30 DNA (1 nM) in sodium citrate buffer (75 mM NaCl/7.5 mM sodium citrate, pH 7.2) to a final concentration of 0.12 mg/ml, to give ≈10 pmol biotin-binding sites on the beads for 0.08 pmol biotinylated oligonucleotide. After 5 min at 25°C, the beads were washed twice with sodium citrate buffer and resuspended in the Reaction Buffer with 10 mM MgCl~2~ before adding Cfr42I to a final concentration of 25 nM. In oligonucleotide activation experiments, the reactions were also supplemented with 50 nM of non-biotinylated oligonucleotides 30/30, NS, 30/(14p_16) and 16/14p ([Table 1](#T1){ref-type="table"}). Sample collection and analysis were as described in ([@B36]).

Biotin pull-down assay
----------------------

The reactions at 25°C contained 10 nM of cognate biotinylated duplex bio-30-30, 10 nM of radiolabelled cognate duplex 30/30 and 0--250 nM Cfr42I enzyme in the Reaction Buffer supplemented with 0.1 mM EDTA. After 5 min at 25°C, 5 μl of a suspension of 0.5 mg/ml streptavidin-coated magnetic beads (binding capacity 1 nM/mg) were added. All further procedures were as described in ([@B19]).

DNA-binding studies
-------------------

DNA binding by Cfr42I was analysed by the gel mobility-shift assay, using 30 bp ^33^P-labelled non-specific duplex NS and unmodified cognate duplex 30/30 ([Table 1](#T1){ref-type="table"}). Different amounts of protein in 20 μl of the Binding Buffer (30 mM MES, 30 mM His (pH 6.5 at 25°C), 0.1 mM EDTA, 0.1 mg/ml BSA and 10 (v/v) glycerol) were incubated with cognate or non-cognate oligoduplexes (1 nM) for 15 min at room temperature. Free DNA and protein-DNA complexes were resolved by native PAGE. The electrophoresis buffer was identical to the Binding Buffer except that it lacked BSA and glycerol. In protein-DNA complex composition analysis Cfr42I (12.5 nM of tetramer) was added to 30 bp or 16 bp ^33^P-labelled specific DNA duplexes (30/30 and 16/16, [Table 1](#T1){ref-type="table"}) alone or to the duplex mixtures in ratios varying from 9 : 1 to 1 : 9, keeping the total duplex concentration fixed at 20 nM.

Plasmid substrates
------------------

Plasmids pBRCFR-1 (one Cfr42I site) was derived from plasmid vector pBR322 (no Cfr42I sites) by inserting oligoduplex 30/30 ([Table 1](#T1){ref-type="table"}) through the NdeI site. Plasmid pBRCFR-2 (two Cfr42I sites) was derived from pBRCFR-1 by inserting a second copy of the 30/30 oligonucleotide through the Eco32I site. The supercoiled form of the substrates required for kinetic studies was purified by electrophoresis through agarose. Reaction mixtures typically contained 2.5 nM supercoiled substrate and 50 nM Cfr42I tetramer in the Reaction Buffer at 25°C. For the oligonucleotide activation experiments, the cognate and non-cognate duplexes 30/30 and NS ([Table 1](#T1){ref-type="table"}) were also added to a final concentration of 50 nM. DNA cleavage was initiated by mixing MgCl~2~ solution with the solution of preincubated enzyme and DNA. Reactions with the one-site plasmid were performed by manual mixing, experiments with the two-site plasmid employed the quench-flow equipment (see above). In all cases the reactions were quenched with 6 M guanidinium chloride, DNA was precipitated and analysed as described ([@B19]).

RESULTS
=======

Cfr42I REase is a homotetramer
------------------------------

Most of the GIY-YIG family enzymes including Eco29kI REase are monomers ([@B31],[@B34]). Surprisingly, sedimentation equilibrium analysis gives a molar mass of 99 kg/mol for Cfr42I ([Figure 2](#F2){ref-type="fig"}). Since molar mass of a Cfr42I tetramer calculated from the amino acid sequence is 97.3 kg/mol, this shows the protein to be a tetramer. The residues of the least squares fit in [Figure 2](#F2){ref-type="fig"} show no indication of larger aggregates or smaller oligo/monomers. While tetrameric architecture is unusual for the GIY-YIG family enzymes, a number of PD-(E/D)XK family REases \[Cfr10I, Bse634I, NgoMIV and SfiI ([@B9],[@B10],[@B37],[@B38])\] are arranged as tetramers that simultaneously bind two recognition sites and cleave concertedly four DNA strands. Therefore, we have analysed if Cfr42I is able to bind simultaneously two DNA molecules forming a synaptic complex. Figure 2.Analytical ultracentrifugation of Cfr42I. Sedimentation diffusion equilibrium analysis of 3.2 µM Cfr42I (monomer) was performed at 18 000 rpm and 20°C in 0.01 M Tris-HCl pH 7.4, 0.2 M KCl, 0.1 mM EDTA. Filled squares denote the measured absorption (A^280nm^, *left ordinate*). The solid line shows the best least squares fit to the data for a single species with a molar mass of 99 ± 3 kg/mol (cf. ([@B10])). Filled triangles denote the residues of that fit (ΔA^280nm^, *right ordinate*).

Cfr42 binds two DNA molecules according to the gel mobility shift assay
-----------------------------------------------------------------------

Gel mobility shift assay using ^33^P-labelled specific (30/30) and non-specific (NS) oligoduplexes ([Table 1](#T1){ref-type="table"}) revealed that Cfr42I shows different binding patterns to DNA duplexes containing and lacking the recognition site ([Figure 3](#F3){ref-type="fig"}A). Indeed, Cfr42I binding to the cognate 30/30 oligoduplex yielded a single DNA-protein complex at low protein concentrations (band '1' in [Figure 3](#F3){ref-type="fig"}A) that was further converted into the second complex of lower electrophoretic mobility at protein concentrations \>250 nM (band '2' in [Figure 3](#F3){ref-type="fig"}A). The NS oligoduplex formed only the latter slowly migrating complex, suggesting that band '2' observed in the experiments with cognate DNA at highest protein concentrations may be due to the non-specific Cfr42I--DNA interactions ([Figure 3](#F3){ref-type="fig"}A). Alternatively, the slowly migrating complex formed at high enzyme to DNA ratio can be the Cfr42I tetramer bound to one DNA duplex similarly to SfiI and BfiI REases ([@B19],[@B39]). Hence, Cfr42I discriminates between cognate and non-cognate DNA even in the absence of divalent metal ions. This distinguishes Cfr42I from many PD-(E/D)XK REases that form specific complexes only in the presence of metal cofactor ([@B40; @B41; @B42; @B43]). Figure 3.DNA binding by Cfr42I endonuclease. (**A**) DNA-binding analysis by gel mobility-shift assay. The reactions contained 1 nM of the ^33^P-labelled specific oligoduplex 30/30 or the non-specific oligonucleotide NS (see [Table 1](#T1){ref-type="table"} for sequence details), and the protein at concentrations (in terms of nM tetramer) as indicated above each lane. After 15 min at room temperature, the samples were subjected to PAGE for 2 h and analysed as described in 'Materials and Methods'. (**B**) Analysis of the Cfr42I-DNA complex. Cfr42I (12.5 nM of tetramer) was added to the 30/30 or 16/16 ^33^P-labelled specific DNA duplexes ([Table 1](#T1){ref-type="table"}) alone or to the duplex mixtures in ratios varying from 9:1 to 1:9 keeping the total DNA concentration fixed at 20 nM. Concentrations of both duplexes in the reactions are indicated above each line. The extreme left and right gel lanes contained no protein. After 15 min at room temperature, the samples were subjected to PAGE for 3 h and analysed as described in 'Materials and Methods'. The cartoons illustrate protein-DNA complexes that correspond to each band.

To determine the number of DNA molecules in the specific complex '1', we performed gel mobility-shift experiments with two cognate oligoduplexes of different length ([Figure 3](#F3){ref-type="fig"}B). This approach was used previously to determine DNA-binding stoichiometry of the tetrameric PD-(E/D)XK REases SfiI and Bse634I ([@B36],[@B39]). Cfr42I protein was incubated with 16 bp and 30 bp radiolabelled oligoduplexes (16/16 and 30/30, respectively; [Table 1](#T1){ref-type="table"}) either individually or mixed together at varying ratios but at fixed total DNA concentration of 20 nM. To avoid formation of the second slowly migrating complex ([Figure 3](#F3){ref-type="fig"}A), the protein tetramer concentration was fixed at 12.5 nM. The mixtures of 16 bp and 30 bp duplexes and Cfr42I produced three different protein-DNA complexes ([Figure 3](#F3){ref-type="fig"}B), two of which migrated as the individual complexes with 16 bp or 30 bp oligoduplexes, while the third one had an intermediate mobility. Formation of the intermediate complex can be explained only if the tetrameric Cfr42I REase simultaneously binds one 16 bp and one 30 bp cognate DNA molecules. Thus, individual complexes with 16 bp and 30 bp duplexes should also contain two copies of cognate DNA bound per protein molecule. Taken together, gel mobility shift experiments demonstrate that the Cfr42I tetramer binds two copies of cognate DNA.

Pull-down assay shows formation of the synaptic complex
-------------------------------------------------------

Interaction of Cfr42I with two DNA molecules was independently analysed by the DNA pull-down assay ([@B19],[@B44],[@B45]). The experimental setup of DNA pull-down assay is presented in [Figure 4](#F4){ref-type="fig"}A. An oligoduplex containing a single recognition site for Cfr42I and a biotin tag at its 5′-end (bio-30-30, [Table 1](#T1){ref-type="table"}), was mixed with another cognate oligoduplex carrying a ^32^P radiolabel and incubated with various amounts of Cfr42I REase. The Cfr42I-DNA complexes containing biotinylated oligonucleotide were captured on streptavidin-coated magnetic beads. DNA recovered from the beads was then subjected to denaturing PAGE and the gels were analysed by phosphorescence, to quantify the ^32^P-labelled DNA pulled down together with the biotinylated DNA ([Figure 4](#F4){ref-type="fig"}A and 'Materials and Methods'). Amount of captured radiolabelled DNA is proportional to the concentration of synaptic complexes formed between Cfr42I, one biotinylated and one radiolabelled oligonucleotides. At all Cfr42I concentrations tested (10--250 nM of tetramer), significant amount of radiolabelled DNA was recovered from the beads ([Figure 4](#F4){ref-type="fig"}B). The level of recovery increased with increasing concentrations of Cfr42I, rising to a maximum at 50--100 nM of protein and then declining at 250 nM concentration. It is likely that decreased recovery of the ^32^P-labelled DNA at highest Cfr42I concentrations tested is due to unfavourable enzyme to DNA ratio. At high Cfr42I concentrations, the synaptic complexes between one tetramer molecule and two DNAs are replaced by complexes with one tetramer molecule bound to a single DNA. Similar concentration dependence of the yield of synaptic complexes was reported previously for the BfiI REase ([@B19]). The high yield of synaptic complex recovered at the enzyme excess over the DNA (50--100 nM Cfr42I tetramer : 20 nM DNA) suggests that Cfr42I binds two copies of cognate DNA cooperatively. Figure 4.DNA synapsis by Cfr42I. (**A**) Schematic representation of the biotin pull-down assay. The reactions contained equimolar amounts of two specific 30 bp duplexes (10 nM each) with various amounts of Cfr42I. The first of the duplexes carried a biotin tag and the other was radiolabelled with ^32^P. After 5 min preincubation of enzyme and DNA, streptavidin-coated magnetic beads were added that adsorbed the biotin-tagged DNA. The beads were harvested and the amount of radiolabelled DNA associated with the beads was measured after denaturing PAGE. The radiolabelled DNA is pulled down with the beads only if Cfr42I forms complexes with two DNA molecules. (**B**) Results of the pull-down assay. Cfr42I concentrations were as indicated above each lane. The gel lanes marked 'A', 'B' and 'C' are control pull-down experiments performed in the absence of protein (lane 'A'), in the presence of non-specific biotinylated DNA (lane 'B') or in the absence of biotinylated DNA (lane 'C').

Control experiments with no protein, no biotinylated DNA and with non-specific biotinylated DNA ([Figure 4](#F4){ref-type="fig"}B, lanes 'A', 'B' and 'C', respectively) retrieved only trace amounts of labelled DNA, indicating that ^32^P-DNA recovered in the experiments described above was solely due to synaptic complexes formed between Cfr42I and two copies of cognate DNA. Thus, DNA pull-down experiments provide direct physical evidence for incorporation of two cognate DNA molecules into a synaptic complex with one Cfr42I molecule.

Synaptic Cfr42I complex with two DNA sites is functionally significant
----------------------------------------------------------------------

Type IIF restriction enzymes that belong to the PD-(E/D)XK family show optimal catalytic activity upon interaction with two copies of cognate DNA and display only low residual level of activity when bound to a lone copy of the recognition site ([@B7],[@B36],[@B46],[@B47]). In order to find out if tetrameric Cfr42I REase that belongs to the GIY-YIG family requires synapsis of two DNA sites for its optimal catalytic activity, we employed immobilized oligonucleotide DNA cleavage assay ([@B11],[@B36],[@B47]). Experimental strategy of this method is depicted in [Figure 5](#F5){ref-type="fig"}A and B. First, a 30 bp cognate hairpin duplex bio-30-30 ([Table 1](#T1){ref-type="table"}) that carries a centrally located Cfr42I site, a ^32^P-label at the 3′-terminus and a 5′-terminal biotin tag was immobilized on the surface of streptavidin-coated beads at a low density (see 'Materials and Methods'). This prevents simultaneous binding of two DNA duplexes to a single Cfr42I molecule, therefore kinetic studies with surface-bound substrates reveal the catalytic activity of enzyme acting on a lone copy of cognate DNA ([Figure 5](#F5){ref-type="fig"}A). Alternatively, addition of non-biotinylated DNA into the reaction mixture *in trans* may trigger formation of synaptic complexes between the enzyme, the immobilized DNA and the DNA in solution ([Figure 5](#F5){ref-type="fig"}B) thereby stimulating cleavage of the surface-bound substrate. Figure 5.Immobilized DNA cleavage by Cfr42I. Cartoons in (**A**) and (**B**) depict the experimental strategy ([@B36]). (A) Oligonucleotide duplex bio-30-30 ([Table 1](#T1){ref-type="table"}), which carries a biotin at the 5′-end and a ^32^P label at the 3′ end, is immobilized on the streptavidin-coated magnetic beads at low density. These reaction conditions prevent formation of synaptic complexes between tetrameric REase and two DNA molecules and thus reveal catalytic activity of enzyme bound to a single DNA site. (B) Alternatively, addition of non-biotinylated oligonucleotide duplex (activator DNA) into the reaction mixture enables formation of synaptic complexes between the enzyme, the immobilized DNA and the activator DNA in solution. (**C**) Experimental results. Upon addition of 25 nM of tetrameric Cfr42I, cleavage of the immobilized hairpin duplex (∼1 nM) was monitored by removing samples at timed intervals (open circles) and analysing them as described in 'Materials and Methods'. Cleavage of immobilized substrate was also performed in the presence of various non-biotinylated activator DNAs: 50 nM non-specific duplex NS (filled triangles), 50 nM cognate duplex 30/30 (open squares), 50 nM product DNA 16/14p (open diamonds) and 50 nM cognate nicked duplex 30/(14p_16) (inverted filled triangles) (see [Table 1](#T1){ref-type="table"} for oligonucleotide sequences). All data points are presented as mean values from ≥3 independent experiments ±1SD.

Immobilized DNA hydrolysis experiments ([Figure 5](#F5){ref-type="fig"}C) revealed that both in the absence of non-biotinylated DNA or in the presence of either non-specific duplex NS or product DNA 16/14p ([Table 1](#T1){ref-type="table"}), the Cfr42I reaction rates are extremely low (reaction half-time for immobilized DNA cleavage \>4000 s). Thus, Cfr42I displays only trace catalytic activity when bound to a single DNA copy and does not form catalytically competent synaptic complexes between cognate immobilized DNA and non-specific or product DNA in solution ([Figure 5](#F5){ref-type="fig"}C). On the other hand, specific oligoduplexes 30/30 (intact) and 30/(14p_16) (nicked) dramatically accelerate cleavage of the surface-coupled oligonucleotide (reaction half-time for immobilized DNA cleavage ∼20 s). Thus, Cfr42I forms catalytically competent synaptic complexes either between two intact specific duplexes or between one intact substrate and one nicked reaction intermediate ([Figure 5](#F5){ref-type="fig"}C). In conclusion, experiments with immobilized DNA clearly demonstrate functional importance of the synaptic complex formed between the Cfr42I tetramer and the two copies of cognate DNA.

Functional significance of the synaptic complex formed by Cfr42I was also confirmed in a set of experiments using supercoiled plasmid substrates bearing one and two copies of the Cfr42I recognition site ([Figure 6](#F6){ref-type="fig"}). It was shown previously that many REases that require two recognition sites for the optimal activity cleave the two-site plasmid much more rapidly than a single-site plasmid because synaptic complexes between two sites *in cis* are much more stable than *in trans* complexes between separate single-site plasmids ([@B7],[@B9],[@B10],[@B19]). Indeed, Cfr42I cleaved the supercoiled form of the two-site plasmid substrate \>400-fold faster than the single-site substrate ([Figure 6](#F6){ref-type="fig"}A and B). Moreover, cleavage of the one-site plasmid by Cfr42I was significantly enhanced by addition of cognate oligoduplex into the reaction mix (data not shown), presumably due to formation of mixed synaptic complexes between the enzyme, the one-site plasmid and the oligoduplex. Figure 6.Cfr42I reactions on plasmids with one or two recognition sites. The reactions were performed by mixing solution of MgCl~2~ (final concentration 10 mM) with the preincubated mixture of enzyme and plasmid DNA (final concentrations 50 nM enzyme tetramer and 2.5 nM DNA). The plasmids were pBRCFR-1 (one Cfr42I site) for (**A**), and pBRCFR-2 (two Cfr42I sites) for (**B**). Samples were quenched with 6 M guanidinium chloride and analysed as described in 'Materials and Methods' to determine the amounts of the following forms of the DNA: supercoiled DNA (SC), filled squares; open-circular DNA (OC), open triangles; linear DNA cut at one Cfr42I site (FLL), filled triangles; and, only in (B), linear DNA cut at both Cfr42I sites (L1 + L2), open circles. Cartoons above the graphs depict the two-step and three-step consecutive reaction schemes that were used to quantify the one-site and two-site plasmid DNA cleavage data as described ([@B19]). The solid lines in panel (A) show the best least squares fit of the two-step reaction scheme to the one-site plasmid data that gave *k*~1~ = 0.0013 ± 0.0001 s^−1^ and *k*~2~ = 0.0004 ± 0.0001 s^−1^. The solid lines in panel (B) show the best fit of the three-step scheme to the two-site plasmid data that gave *k*~1~ = 0.56 ± 0.02 s^−1^, *k*~2~ = 0.56 ± 0.03 s^−1^ and *k*~3~ = 0.17 ± 0.02 s^−1^. Figure 7.Kinetic analysis of DNA cleavage by Cfr42I. (**A**) Schematic representation of the 30-30 hairpin DNA cleavage by restriction endonuclease Cfr42I. SS is the intact hairpin substrate, SP1 and SP2 are nicked duplexes cut at top or bottom DNA strands, respectively, PP is a final reaction product cleaved at both strands. (**B**) Setup of the quench-flow DNA cleavage experiments. A quench-flow device was used to mix equal volumes of preincubated enzyme-DNA and metal cofactor solutions. The reactions were quenched at timed intervals with 2.0 M HCl. (**C**) Hairpin DNA hydrolysis in the presence of Mg^2+^ ions. Final reaction mixtures at 25°C contained 20 nM cognate hairpin duplex (30-30, [Table 1](#T1){ref-type="table"}) and Cfr42I (50 nM of tetramer) in 50 mM Tris-HCl (pH 7.75 at 25°C), 100 mM NaCl, 0.1 mg/ml BSA and 10 mM MgCl~2~. After quenching the samples were analysed as described in 'Materials and Methods' to determine the amounts of the following DNA forms: intact hairpin substrate SS (filled squares), nicked duplex SP (open triangles) and final reaction product PP (filled triangles). All data points are presented as mean values from ≥3 repetitions ± 1SD. Continuous lines are the fit of Equation ([1](#M1){ref-type="disp-formula"}) to experimental data. The best fit gave *k*~1~(Mg^2+^) = 0.78 ± 0.05 s^−1^ and *k*~2~(Mg^2+^) = 0.29 ± 0.05 s^−1^. (**D**) DNA nicking by Cfr42I in the reactions with 10 mM of Mg^2+^ (open squares), 10 mM Mn^2+^ (filled circles), 10 mM Co^2+^ (open triangles), 10 mM Ca^2+^ (filled inverted triangles), 1 mM Cu^2+^ (crosses), 0.1 mM Zn^2+^ (filled diamonds) and 0.1 mM Ni^2+^ (open circles). Continuous lines are the fits of Equation ([1](#M1){ref-type="disp-formula"}) to the intact substrate SS depletion data. Determined rate constants are summarized in [Table 2](#T2){ref-type="table"}. Table 2.DNA cleavage by Cfr42I with different metal-ion cofactorsMetal-ion cofactor*k*~1~, s^−1^[^a^](#TF1){ref-type="table-fn"}*k*~2~, s^−1^[^b^](#TF2){ref-type="table-fn"}Mg^2+^ (10 mM)0.78 ± 0.050.29 ± 0.05Co^2+^ (10 mM)2.40 ± 0.040.37 ± 0.03Mn^2+^ (10 mM)0.95 ± 0.060.17 ± 0.01Ca^2+^ (10 mM)0.0027 ± 0.00020.0020 ± 0.0003Cu^2+^ (1 mM)0.0010 ± 0.00010.0003 ± 0.0001Zn^2+^ (0.1 mM)0.036 ± 0.0010.017 ± 0.002Ni^2+^ (0.1 mM)0.026 ± 0.0020.010 ± 0.002[^2][^3]

Kinetic analysis of DNA hydrolysis by restriction endonuclease Cfr42I
---------------------------------------------------------------------

In order to quantitatively describe the Cfr42I DNA hydrolysis reaction and to determine the reaction rates with different metal-ion cofactors, we performed transient kinetics experiments with limiting substrate and excess enzyme concentrations. To monitor the amounts of intact DNA duplex, nicked intermediate and the final reaction product cut at both strands, we employed the 30 bp hairpin DNA duplex 30-30 ([Table 1](#T1){ref-type="table"}), assembled by self-annealing of a 60 nt synthetic oligonucleotide. The Cfr42I recognition sequence 5′-CCGCGG-3′ was embedded in the centre of the hairpin and was symmetrically flanked by identical 3 bp DNA sequences. The 5′-end of the oligonucleotide was used for radioactive labelling. Cleavage of the 5′-radiolabelled 60 nt DNA hairpin by Cfr42I ([Figure 7](#F7){ref-type="fig"}A) generates 16 and 44 nt radiolabelled products that can be separated by denaturing PAGE. Quantification of intact hairpin DNA and the cleavage products allows direct monitoring of concentrations of the substrate (SS), the nicked intermediate (SP) and the final reaction product (PP) as described in 'Materials and Methods'.

The DNA hydrolysis reactions were initiated by adding metal-ion cofactor solution to the pre-incubated mixture of Cfr42I and DNA at concentrations (50 nM Cfr42I tetramer and 20 nM oligoduplex) favouring synaptic complex formation ([Figure 4](#F4){ref-type="fig"}B). Addition of the metal ion to the pre-formed Cfr42I-DNA complex triggers DNA cleavage and reaction rates measured in such experimental setup most likely correspond to the chemical step. Due to high reaction rates, oligonucleotide cleavage experiments with Mg^2+^ were performed in a quench-flow device that was used to mix equal volumes of metal-ion and Cfr42I-DNA solutions. The reactions at timed intervals were quenched with 2.0 M HCl, neutralized and analysed as described in 'Materials and Methods'.

The time course of hairpin DNA cleavage in the presence of 10 mM Mg^2+^ shows ([Figure 7](#F7){ref-type="fig"}B) that Cfr42I forms a significant amount of nicked DNA intermediate. Thus, Cfr42I similarly to many PD-(E/D)XK family REases, cleaves double-stranded DNA substrate sequentially, by first converting oligoduplex into a nicked reaction intermediate and only then cleaving the second DNA strand ([@B19],[@B36],[@B48; @B49; @B50]). Such DNA hydrolysis reactions obey a simple Equation ([1](#M1){ref-type="disp-formula"}): where SS, SP and PP are intact substrate, nicked intermediate and final product resulting from a double-strand break, *k*~1~ is the rate constant for cleavage of the first DNA strand (rate constant for DNA nicking) and *k*~2~ is the rate constant for cleavage of the second DNA strand. Fitting Equation ([1](#M1){ref-type="disp-formula"}) to experimental data in [Figure 7](#F7){ref-type="fig"}B gave rate constants *k*~1~(Mg^2+^) = 0.78 ± 0.05 s^−1^ and *k*~2~(Mg^2+^) = 0.29 ± 0.05 s^−1^.

Sequential reaction pathway suggested for the hairpin DNA cleavage by Cfr42I is supported by plasmid DNA cleavage experiments ([Figure 6](#F6){ref-type="fig"}A and B). Indeed, Cfr42I first cuts one strand of the supercoiled plasmid to generate nicked intermediate that is further converted to the linear reaction products. While the nicking and linearization rates of the single site plasmid are low, corresponding rates for the two-site plasmid (*k*~1~ = 0.56 ± 0.02 s^−1^, *k*~2~ = 0.56 ± 0.03 s^−1^, [Figure 6](#F6){ref-type="fig"}B) are in reasonable quantitative agreement with the oligonucleotide cleavage data.

DNA cleavage with different divalent metal-ion cofactors
--------------------------------------------------------

All Type II REases except BfiI (3) require divalent metal-ions as a cofactor for DNA cleavage. Restriction enzymes of the PD-(E/D)XK superfamily display optimal activity with Mg^2+^ that in some cases can be substituted with Mn^2+^ (or Fe^2+^, Co^2+^, Ni^2+^, Zn^2+^, Cd^2+^, depending on the enzyme), but not with Ca^2+^ ([@B51]). REases of the HNH family also depend on metal ions but may use a broad range of divalent cations including Ca^2+^. For example, MnlI is active with Mg^2+^, Mn^2+^, Ca^2+^, Zn^2+^, Ni^2+^ and Co^2+^ ([@B28]). Metal-ion requirements for catalysis by GIY-YIG family enzymes were not studied before. Therefore, we monitored DNA cleavage by Cfr42I in the presence of various metal ions (Ca^2+^, Co^2+^, Zn^2+^, Cu^2+^ and Ni^2+^) (see, 'Materials and Methods' for the details). It turned out, that Cfr42I cleaved DNA with all divalent metal ions tested. In all cases the DNA cleavage reactions followed the consecutive reaction scheme ([@B1]). DNA cleavage profiles and rate constants determined with different cofactors are summarized in [Figure 7](#F7){ref-type="fig"}C and [Table 2](#T2){ref-type="table"}, respectively.

Highest rates are achieved at 10 mM concentrations of Co^2+^, Mn^2+^ and Mg^2+^. Decreasing of Co^2+^, Mn^2+^ and Mg^2+^ concentrations to 1 mM resulted in a 2--5-fold drop in the reaction rates (data not shown), indicating that equilibrium dissociation constants for these cofactors in the active site of Cfr42I are \>1 mM. DNA cleavage in the presence of 10 mM Ca^2+^ was 300-fold slower in comparison to the reaction in the buffer supplemented with 10 mM Mg^2+^ ([Table 2](#T2){ref-type="table"} and [Figure 7](#F7){ref-type="fig"}C). Decrease of the Ca^2+^ concentration to 1 mM decreased the reaction rate by 5-fold (data not shown). Zn^2+^, Cu^2+^ and Ni^2+^ at 10 mM concentrations completely abolished the catalytic activity of Cfr42I, however, the enzyme showed significant activity at 0.1--1.0 mM concentrations of these metal ions. The reaction rates determined at 0.1 mM of Zn^2+^ and Ni^2+^ are ∼30-fold lower compared to the reaction with 10 mM Mg^2+^, while reaction with 1 mM Cu^2+^ is comparable to the 10 mM Ca^2+^ reaction ([Table 2](#T2){ref-type="table"} and [Figure 7](#F7){ref-type="fig"}C). In conclusion, our data provide the first experimental evidence that GIY-YIG family nucleases are rather promiscuous regarding their divalent metal-ion cofactor requirement.

DISCUSSION
==========

Cfr42I REase----a novel member of GIY-YIG family
------------------------------------------------

Cfr42I recognizes symmetrical sequence 5′-CCGC/GG-3′ and cleaves it yielding 2 nt 3′-overhangs. Protein sequence analysis reveals that Cfr42I like Eco29kI REase is a member of the GIY-YIG family ([Figure 1](#F1){ref-type="fig"}). Proteins belonging to the GIY-YIG family share a well-defined ∼100 aa nucleolytic domain ([@B30]) that is embedded into a different structural contexts to generate proteins with diverse functions. Many of the GIY-YIG family enzymes are monomers built of separate modules ([@B31]). For example, GIY-YIG homing endonucleases consist of the N-terminal nuclease domain connected to variable C-terminal DNA-binding domains ([@B32],[@B52],[@B53]). Unlike homing endonucleases of the GIY-YIG family, the Eco29kI restriction enzyme is a single-domain protein that has the conserved GIY-YIG nuclease core and presumably uses loop insertions and terminal extensions instead of the separate DNA-binding domain to interact with the target site 5′-CCGC/GG-3′ ([@B5]). Protein sequence similarities ([Figure 1](#F1){ref-type="fig"}) suggest the similar structure for the Cfr42I REase.

Tetrameric architecture of Cfr42I REase
---------------------------------------

Surprisingly, in solution Cfr42I is a homotetramer, which interacts simultaneously with two copies of specific DNA ([Figures 3](#F3){ref-type="fig"}B and [4](#F4){ref-type="fig"}). To our knowledge, this is the first tetrameric GIY-YIG family enzyme: all previously characterized family members were monomers ([@B31]). Moreover, the Eco29kI REase that shares ∼30% of identical residues with Cfr42I and recognizes the same DNA sequence 5′-CCGC/GG-3′ is a monomer in solution ([@B34]). A monomeric architecture, however, causes a problem for the REase that has to interact with a symmetrical recognition site and make a double-strand break using a single active site.

The PD-(E/D)XK superfamily REases solved this problem using two different strategies. First, monomeric Type IIP REases use a single active site to cut both strands sequentially ([@B54]). Monomeric homing endonucleases of the GIY-YIG family may also employ the same strategy ([@B55],[@B56]). Second, many Type IIP REases interact with symmetrical target sites as homodimers. Each monomer within a dimer binds to a half of the target site and uses a single active site within each monomer for catalyzing cleavage in one DNA strand. Moreover, some PD-(E/D)XK superfamily REases belonging to Type IIF are arranged as dimers of dimers ([@B9],[@B10],[@B37],[@B38]). Each primary dimer within the tetramer is responsible for binding and cleavage of one cognate DNA molecule.

We propose that Cfr42I may have a similar arrangement. In this case Cfr42I monomer is responsible for recognition and cleavage of one half-site of the symmetric recognition site 5′-CCGC/GG-3′. Four subunits of the enzyme, therefore, can bind and introduce double-strand breaks into two cognate DNA molecules. The Eco29kI, unlike Cfr42I, has been reported to be a monomer in solution ([@B34]) raising a question that related REases Cfr42I and Eco29kI may use different strategies to cleave homologous recognition sites. One cannot exclude, however, that Eco29kI may change its oligomeric state upon DNA binding. Indeed, it has been reported that PD-(E/D)XK family REase SgrAI binds to the recognition site as a dimer and transiently makes a tetramer for DNA cleavage ([@B57]). On the other hand, it has been demonstrated that a single amino acid replacement can disrupt the tetramer structure. Indeed, W228A mutation transforms the Bse634I tetramer into a functional dimer ([@B36]), while R222A mutation converts Bse634I tetramer into monomers ([@B11]). Keeping in mind these data, the difference between oligomeric states of Cfr42I and Eco29kI seems not surprising.

Functional importance of the tetrameric structure
-------------------------------------------------

Biochemical experiments with plasmid and oligonucleotide substrates ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}) clearly demonstrate the functional importance of the synaptic complex between the Cfr42I tetramer and two copies of cognate DNA. Indeed, Cfr42I displays only residual catalytic activity on a single copy of cognate DNA and requires two DNA copies for maximum activity ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). In that respect Cfr42I is virtually indistinguishable from the previously characterized PD-(E/D)XK family REases Bse634I, NgoMIV and SfiI that are homotetramers and require binding of two DNAs for the optimal catalytic activity ([@B7],[@B9],[@B36]). It would be interesting to see if Cfr42I tetramer has a similar structural arrangement and employ similar mechanism of communication proposed for the Bse634I and SfiI restriction enzymes ([@B11],[@B36],[@B47]).

The functional and structural similarity of the GIY-YIG family REase Cfr42I to the tetrameric PD-(E/D)XK family enzymes of the Type IIF subtype has important implications for our understanding of REase evolution and functions. Our studies demonstrate that despite of different evolutionary origins of the PD-(E/D)XK and GIY-YIG REases, some members of these families are homotetramers and require simultaneous binding of two cognate DNAs for catalytic activity. Similar structures and phenotypes displayed by REases belonging to the different nuclease families' points to the functional significance of tetramerization, which is still poorly understood. It was suggested that tetramerization may be obligatory to stabilize the functional dimer of some REases like Bse634I ([@B36]) or contribute to the REase specificity due to the requirement to bind two recognition sites simultaneously ([@B39]). Both hypotheses, however, have their own limitations and may prompt new models to account for the evolutionary selection of tetrameric REases interacting with two copies of cognate DNA.

GIY-YIG family nuclease Cfr42I is active with a wide range of metal-ion cofactors
---------------------------------------------------------------------------------

Crystal structures of catalytic GIY-YIG domains of UvrC and I-TevI nucleases revealed a single divalent cation (Mg^2+^ or Mn^2+^) coordinated by a single glutamate residue (E76 in case of UvrC from *Thermotoga maritima*, E75 in case of I-TevI) and a cluster of well-ordered water molecules bound to the metal ion ([@B32],[@B33]). The metal-ion cofactor is presumably not directly involved in generation and orientation of the attacking water nucleophile but helps to stabilize the negative charge formed at the phosphorane transition state ([@B33]). Interestingly, the relative positions of active site residues R27, E75 and Y17 of I-TevI homing endonuclease, which belongs to the GIY-YIG family, are quite similar to conserved active-site residues of the His-Cys box enzyme I-PpoI (R61, N119 and H98, respectively) that is a member of the ββα-Me family ([@B58]). In addition, the position of bound Mn^2+^ in I-TevI is nearly identical to the site of the same bound metal ion in I-PpoI ternary complexes. The ββα-Me family enzymes show catalytic activity with a wide range of metal ions ([@B22],[@B28]).

We demonstrate that GIY-YIG nuclease Cfr42I hydrolyzes DNA using a wide range of divalent metal-ion cofactors (Mg^2+^, Mn^2+^, Co^2+^, Zn^2+^, Ni^2+^, Ca^2+^ and Cu^2+^) ([Figure 7](#F7){ref-type="fig"}C and [Table 2](#T2){ref-type="table"}), indicating that active site of Cfr42I is extremely tolerant to the size and coordination requirements of the metal ions. This observation is in agreement with the loose coordination of metal ions observed in the I-TevI and UvrC structures and the proposed catalytic role of the metal ion as Lewis acid ([@B33]). This similarity implies that the GIY-YIG nuclease domain might utilize a similar DNA-strand cleavage mechanism as the His-Cys box enzymes. However, a structure of a GIY-YIG domain bound to DNA is still required to confirm the reaction mechanism ([@B33]). Due to relatively simple structural organization, high solubility and simple requirements for DNA binding, Cfr42I is a promising target for crystallographic studies.
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